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В ы п о л н е н ы  э к с п е р и м е н т а л ь н ы е  и с с л е д о в а н и я  и з м е н е н и я  ж е с т к о с т и  и  м е х а н и з м о в  п о в р е ж ­
д е н и я  п р и  у с т а л о с т н ы х  и с п ы т а н и я х  м н о г о с л о й н ы х  к о м п о з и т н и х  п л а с т и н  с  н а п о л н и т е л е м  и з  
п е н о в и н и л о п л а с т а .  М н о г о с л о й н ы е  к о м п о з и т н ы е  п л а с т и н ы  с  п е р е к р е с т н ы м и  с л о я м и  и з  с т е к л о ­
в о л о к н а  и  э п о к с и д н о й  с м о л ы ,  и з г о т о в л е н н ы е  м е т о д о м  в а к у у м н о й  о т л и в к и ,  п о д в е р г а л и  н а г р у ­
ж е н и ю  т р е х т о ч е ч н ы м  и з г и б о м .  И с с л е д о в а л и  д в а  в а р и а н т а  п л а с т и н  с  о д н о т и п н ы м и  н а п о л ­
н и т е л я м и  и з  п е н о в и н и л о п л а с т а  р а з л и ч н о й  п л о т н о с т и .  Р а с с м о т р е н о  в л и я н и е  п л о т н о с т и  и  
т о л щ и н ы  в н у т р е н н е г о  с л о я  н а п о л н и т е л я  н а  п о в е д е н и е  и  п о в р е ж д е н и е  к о м п о з и т а .  С  и с п о л ь ­
з о в а н и е м  д в у х  р а з л и ч н ы х  м о д е л е й  и  к р и т е р и я  ц и к л и ч е с к о й  д о л г о в е ч н о с т и  п о с т р о е н ы  к р и в ы е  
у с т а л о с т и  и  в ы п о л н е н  и х  с р а в н и т е л ь н ы й  а н а л и з  с  и м е ю щ и м и с я  л и т е р а т у р н ы м и  д а н н ы м и .  
П о к а з а н о ,  ч т о  к о м п о з и т  S D  2  с  н а п о л н и т е л е м  б о л ь ш е й  п л о т н о с т и  о б л а д а е т  б о л е е  в ы с о к и м и  
х а р а к т е р и с т и к а м и  с т а т и ч е с к о й  п р о ч н о с т и  и  у с т о й ч и в о с т и ,  а  т а к ж е  у с т а л о с т н о й  п р о ч ­
н о с т и  п о  с р а в н е н и ю  с  к о м п о з и т о м  S D  1  с  н а п о л н и т е л е м  м е н ь ш е й  п л о т н о с т и .
Ключевые слова : пеновинилопласт, многослойные композитные пластины, 
наполнитель, трехточечный изгиб, механизм разрушения, критерий цикли­
ческой долговечности.
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Introduction. This paper is the continuation of a previous paper [1], which 
concerned the behavior and damage propagation under static loading of three 
sandwich composite materials and their components [skins and polyvinyl chloride 
(PVC) cores]. The static tests permit to have the characteristics necessary for 
performing fatigue tests, results of which are presented in this paper.
M aterials and Experim ental Procedure. Two types of sandwich materials 
with different kinds of cores were investigated. The skins were cross-ply laminates 
(02/ 902)s consisting of unidirectional glass fibre fabric with a surface density of 
300 g/m and epoxy resin SR 1500/SD whose principal characteristics are given in 
[1]. Two similar types of PVC foam of different density were used. A Herex C70 
55 and a C70 75 foams were expanded PVC provided by the Airex company and 
marketed by SICOMIN company in panels of 15 and 25 mm thickness. The two
3 3foams used were different in density: 60 kg/m for the Herex C70 55 and 80 kg/m 
for the Herex C70 75. The diameter of the pores varied between 620 and 880 ^m  
for the C70 55 and between 280 and 500 /im  for the C70 75.
The sandwich manufacturing was carried out at the laboratory using a vacuum 
bag moulding technique. The manufacture of the sandwich, the skins and the 
joining of the core, was carried out at the same time with the laying up of the skin 
plies and then by interposing the core and the second skin. The sandwich was 
impregnated at room temperature, and then was vacuumed at a pressure of 30 kPa 
for 10 hours inside the mould. Prior to tests, the plates were left at room 
temperature for 2 to 3 weeks in order to provide a complete polymerization of the 
epoxy resin.
The specimens (foams, skins, and sandwich) were cut out using a diamond 
saw from plates of 300 X 300 mm according to ASTM C393-00 standard. Sandwich 
SD 1 and SD 2 have the same core thickness of 15 mm; they are differentiated by 
the foam core density. The same foam (C70 75) core is used for SD 2 and SD 3; the 
only difference lay in the thicknesses of the core which were respectively 15 and 
25 mm.
Testing of the specimens was performed, where the applied load was monitored 
with a 5 kN load cell, the displacement by a LVDT sensor, and the deformation 
using an extensometer. The supports were of cylindrical shape of 10 mm diameter 
for the two lower supports and 15 mm for the central support. A minimum of five 
tests was carried out for each type of specimen, the loading rates in the static tests 
being 5 mm/min for the foam core and the sandwiches, and 2 mm/min for the 
skins.
Fatigue tests were carried out in three-point bending using a universal 
hydraulic monotonic testing machine (INSTRON model 8516 of capacity ±100 kN) 
whose control and data acquisition were performed by a computer. The displacement 
control with a sinusoidal wave form of a frequency of 5 Hz has been provided. The 
mean displacement (dmean) was maintained constant and equal to 50% of ultimate 
failure displacement at static test (d r ). The ratio of the distance between the 
supports to the thickness of the specimen l/h  is 15.
Fatigue tests included several levels of loading rd (rd = dmax/ d r ), which 
represent the ratio of maximum displacement to ultimate failure displacement at 
static test varying from 0.95 to 0.55.
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Results of the Fatigue Tests. The analysis of stiffness degradation constitutes 
one of the methods most widely used to follow the progression of the damage by 
fatigue of the composites. During these tests, the evolution of the maximum 
loading F  according to the number of cycles N  has been recorded. The maximum 
loading F  was normalized to that obtained at the first cycle F 0.
The results obtained show that the stiffness degradation until specimens’ 
failure preceded in three phases (Fig. 1):
i) initially, a sharp reduction of the stiffness (F /Fo) appeared at the first 
cycles;
ii) the reduction becomes rather slow in the second phase, corresponding to 
the near total consumption of the fatigue life of the specimens;
iii) finally in the third (very short) phase the loss of rigidity accelerated rapidly 
until the specimen failure.
F/F„
0.8 
0.6 
0.4 
0.2
0
0 200000 400000  600000
Number of cycles N
Fig. 1. Stiffness degradation F /F 0 versus number o f cycles o f the sandwich SD 1 (!) and SD 2 (2) 
for the loading level rd = 0.7.
This behavior was common for all investigated sandwich specimens. It has 
also been noticed that the stiffness degradation (F /Fo) of the sandwich specimen 
SD 1 having the less dense foam core was faster than that of sandwich specimen 
SD 2.
Figures 2-4  represent the evolution of F /F o  versus the number of cycles N  
for SD 1, SD 2, and SD 3, respectively, for various levels of loading rd . The 
analysis of these results shows that the behavior until failure, under fatigue tests, 
proceeded in three phases and depended on the level of loading and the type of 
foam core. For significant levels of loading rd , total failure was obtained at the end 
of only a few hundreds of cycles, whereas for low values of rd failure was only 
partial even for up to 106 cycles.
Noteworthy is that, in the case of SD 2 and SD 3, a steady state is formed after 
the specimen rupture for certain high levels of loading (Figs. 3 and 4). This 
behavior, which was not observed for SD 1, seems to be related to the rigidity of 
the foam (C70 75) which affects the fracture mechanisms.
To compare the behavior of the sandwich specimens experimentally, we have 
investigated the stiffness degradation according to the number of cycles with 
several levels of loading (Figs. 2-4). However, in the case of the comparison of the 
behavior of SD 1 and SD 2 and for visualization reasons, only two loading levels 
rd = 0.60 and 0.75 have been reported (Fig. 5).
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Fig. 2. Stiffness degradation F /F 0  versus number of cycles o f the sandwich SD 1 for various loading 
levels rd .
Fig. 3. Stiffness degradation F /F 0 versus number o f cycles o f the sandwich SD 2 for various loading 
levels rd .
Fig. 4. Stiffness degradation F /F 0  versus number of cycles o f the sandwich SD 3 for various loading
levels rd
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Fig. 5. Foam density influence on the behavior o f stiffness degradation F /F 0 versus number of 
cycles.
For the same level of loading, the degradation rates in both sandwich 
specimens are similar in the first few cycles of fatigue. However, for a larger 
number of cycles the degradation rate of SD 1 was higher than that of SD 2. 
Therefore, for a given level of loading, the stiffness degradation curves of SD 1 
were located at the lower part of those of SD 2. Consequently, SD 2 resisted better 
in fatigue than SD 1.
On the other hand, a comparative study of SD 2 and SD 3 for two levels of 
loading rd (0.60 and 0.80) is presented in Fig. 6. For low levels of loading 
( rd < 0.6) failure was only partial, and the total failure was not reached even when 
the number of cycles was greater than 106. For loading levels rd > 0.6, the final
failure occurred following a number of cycles in the range 100 to several 1000 
cycles. The stiffness degradation as well as failure was more apparent for SD 2 
than for SD 3 (Fig. 6).
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Fig. 6. Foam thickness influence on the behavior o f stiffness degradation F /F 0 versus number of 
cycles.
Changeover o f  Damage M echanisms in Fatigue Process. Fatigue damage 
propagation of SD 1 and SD 2 was analyzed. The damage in fatigue of the sandwich 
specimens was different from that which was observed in the case of a static loading. 
It was found to be dependant on the type of foam core and the level of loading.
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Sandwich Specimens SD 1. The specimens were tested in fatigue at various 
levels of loading rd . It was observed that before the final failure, the specimen 
undergoes three distinct stages of damage:
-  the first stage: crack initiation in the upper part of the foam core under 
compression just below the loading support at a distance 2 to 3 mm from the 
interface between the top skin and core. The latter crack growth (Fig. 7a) evolves at 
lower rate along to the length direction of the specimen. This stage occurs for most 
of the fatigue life (80 to 90%);
-  the second stage: occurrence of a new mode of failure through an action of 
core shearing which developed at a higher crack growth rate compared to stage 1 
until the interface with the lower skin was reached (Fig. 7b);
-  the third stage: delamination with the interface between the core and the 
lower skin along the length of the specimen at a high crack growth rate (Fig. 7c, d).
d
Fig. 7. Fracture topography after fatigue tests o f sandwich SD 1 [(a) stage 1, (b) stage 2, (c) stage 3, 
and (d) photo o f the damaged specimen].
These results are in good agreement with those of Kulkami et al. [2] obtained 
by using sandwich panels made of glass fibre laminate skins and a low density PVC 
foam core in three-point bending. The thicknesses of the skin, the core and the 
sandwich, in [2], are 2.28, 12.7, and 17.26 mm, respectively, the width is 63.5 mm, 
the length between supports is 228.6 mm, and the overall length 305 mm.
After presenting different damage mechanisms, we then analyzed the influence 
of the loading level on the evolution of the damage. As shown in Fig. 8a, b, it was 
found that the three-stage the damage propagation discussed previously, is only 
apparent when the loading level rd is greater or equal to 0.65. However, 
significant crack size and severe damage was noticed at higher loading levels as 
shown in Fig. 8a. For lower loading levels (rd < 0.65) final failure was not reached 
even after 106 cycles, the crack propagation was limited to stage 1 only (Fig. 8c).
Sandwich Specimens SD 2. The behavior of this sandwich was somewhat 
different. For loading levels rd ^  0.75, the same three stages seen previously in the 
case of sandwich SD 1 (Fig. 9a) were observed. However, for rd > 0.75 the 
damage propagates only in two stages: initially formation of an indentation crack 
on the foam under the skin directly below the upper roller at a distance of 1 to 2 mm 
from the interface (i.e., where the matrix penetration in the foam ends), followed 
by rupture of the higher skin in compression (Fig. 9b). In addition the effect of 
cycling of the specimen after the appearance of the higher skin rupture generated
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c
Fig. 8. Fracture topographies o f the sandwich SD 1 specimens damaged by fatigue for different 
loading levels rd: (a) rd = 0.9; (b) rd = 0.7; (c) rd = 0.55.
a
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heating due to friction of the fibres which then led to microburns of the matrix 
under the central support (Fig. 9c).
Wohler’s Curves (S -  N  Curves). In the case of displacement control bending 
fatigue, no sudden and catastrophic failure of the specimens was observed. The 
definition of the fatigue life was then based on conventional failure criterion 
defined for a given percentage of stiffness degradation. In order to determine the 
performance of composite materials in fatigue, various damage criteria (N s, N 3, 
N 5 , N 10, and N r ) are considered in the literature from the curves giving the 
stiffness degradation as a function of the number of cycles. The most severe 
criterion is that characterizing the material by the value N s, which corresponds to 
the number of cycles at the end of the linear domain. The criteria N 3 , N 5 , and 
N 10 correspond to falls of 3, 5, and 10% of the load (or displacement) in relation 
to the initial load (or displacement), respectively. The criterion N r corresponds to 
the number of cycles at the final failure of the specimen. Finally, the performances 
in fatigue can be characterized by the number of cycles necessary to cause failure 
of the material when this number of cycles is reached. In our investigation, we have 
chosen the criterion N 10, which is the most frequently used in the literature 
[3-13]. Beyond 10%, many damage mechanisms are involved and their description 
becomes more difficult, for example, for higher damage rates, the effect of local 
heating in the specimen cannot be neglected [7].
The W ohler’s curves obtained for composites with organic matrix are very 
often described by a linear relation introduced by Mandell [14] in the case of 
uniaxial load control fatigue,
a  = UTS - B  log N r , (1)
where UTS and B  are two constants which depend on the material and the 
conditions of tests respectively. This formula was adopted by Fiore [7] and Salvia 
et al. [5] for displacement control flexural tests,
£ = A -  B  log N 10. (2)
Several studies made it possible to show that this type of relation can be 
applied to a number of glass fibre composites [4, 15, 16], with carbon reinforcement 
[17, 18], and also on hybrid materials [20].
Sims and Gladman [15] introduced a relation slightly different from the 
relation (1)
a  = UTS - B  log2N r . (3)
The parameter UTS represents the value of stress for which the material has 
half cycle fatigue life, which corresponds only to the loading phase of the fatigue 
loading cycle. Fiore [7] also adopts the same point of view by introducing the 
concept of DAF  (Permissible Deformation in Flexural), defined by
e = DAF -  B  log2N 10. (4)
Wohler’s curves descriptions, given by the Eqs. (1)—(4) comprise two components: 
the first comes from the monotonous behavior (modulated by the effect of the
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loading speed) and is represented by the DAF  or UTS parameters, the second, 
more intrinsically related to the phenomenon of fatigue, is represented by B, the 
slope of the fitting of the experimental data. Indeed, the DAF  and UTS parameters 
are independent from the fatigue concept, as they are values obtained for a half 
cycle of loading, therefore not taking into account all parameters (for example the 
effect of the cycles accumulation). The slope B  relates the dependence of the 
fatigue life of the material to the level of applied loading. Its value represents the 
endurance of the material.
To take into account these two contributions and in order to compare the 
fatigue resistance of various materials, Caprino and Giorleo [21] use normalized 
curves
“  = 1 -  B  log N 10- (5)
°  t
Here we have applied the following two approaches. Firstly, we used a relation 
equivalent to (2) to compare our results with those of the literature and, secondly, a 
relation equivalent to (5) as follows:
Amp max = A -  B  log N 10, (6)
rd = 1- K  log N 10. (7)
Equation (7) makes it possible to highlight the influence of the type and 
thicknesses of foam core using only one parameter K  which is the slope of the 
right-hand side of endurance corresponding to the rate of fall of the acceptable 
maximum loading expressed in % decade by cycle.
The experimental results of W ohler’s curves as well as curve fitting by the 
relation (6) are represented in Figs. 10 and 11, in order to compare our results with 
those of the bibliography [7, 8, 12, 18]. These figures represent the maximum 
amplitude versus the number of cycles of SD 1, SD 2, and SD 3.
In Table 1, we compare our results with the ratios A/B  given by several 
authors: Tambora [6], Fiore [7], Vautier [8], Roudet [9], Madell [14], Fournier [16], 
and Clark [22] for various materials in flexural tests.
Noteworthy is that the result of ratio A/B  for SD 1 is the same one as that 
which was obtained in the work of Clark [22] for glass/epoxy composites sandwich 
panels using PVC foam C70 130. The results of SD 2 and SD 3 remain in the same 
order of magnitude as those obtained in the work of Vauthier [8], Roudet [9], and 
Fournier [16].
Figure 12 represents the W ohler’s curves of the investigated sandwich 
specimens (SD 1 and SD 2), using the Eq. (7); these curves are already presented in 
Fig. 4 using Eq. (6). This describes the evolution of the maximum loading 
normalized to the static failure load as a function of the fatigue life using criterion 
N 10 for d moy = 0.5drup drup maintained constant and for the ratio l/h  = 15.
Even though sandwich panels are of a heterogeneous nature, the results 
obtained show less pronounce scatter of the fatigue life data. For low numbers of 
cycles where the level of loading was close to that of the static failure, tending 
towards unity independently of the sandwich type as illustrated in Figs. 12 and 13.
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T a b l e  1
Ratio A fB  for D ifferent M ateria ls Subjected to F lexural Tests
Present work [CLA-97] [FIO-88] [FOU-92] [VAU-96] [ROU-98] [TAM-96]
SD 1 SD 2 SD 3 Sandwich Laminates
Material Glass/epoxy (sd) Glass/epoxy Carbon/
epoxy
Loading
type
Flexural
Ratio
A/B
10 14 16.7 10 10 11.6-18.3 10-16 14 12
Number of cylces N
Fig. 10. W ohler’s curves fitted by the relation (6) for sandwiches SD 1 ( ♦ )  and SD 2 (A ).
Number of cycles N
Fig. 11. W ohler’s curves fitted by the relation (6) sandwiches SD 2 (A ) and SD 3 (♦ ) .
In this case, the total failure was obtained after the first few cycles. However, for 
low loading levels the failure was only partial even for high numbers of cycles 
going up to 106.
The analysis of the results obtained (Fig. 12) highlights the influence of the 
type of core over the fatigue life of the investigated sandwich specimens. SD 2 
having the densest core had a higher resistance to fatigue. Whereas, the W ohler’s
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1 10 100 1000 10000 100000 
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Fig. 12. W ohler’s curves fitted by the relation (7) sandwiches SD 1 and SD 2.
1 10 100  1000  10000  100000  1 000000  
Number of cycles N
Fig. 13. W ohler’s curves fitted by the relation (7) sandwiches SD 2 and SD 3.
curve of SD 1 was lower then that of SD 2 indicating that the value of K  in the 
case of SD 2 was smaller than that for SD 1. In addition to that, it can be noticed 
that the evolution of the stiffness degradation (F /F 0) crosses the F-axis at a value 
of around 1, which corresponds to the static failure load.
Figure 13 represents W ohler’s curves for SD 2 and SD 3 already presented on 
Fig. 5 obtained by using Eq. (6). The same form of representation was used as in 
the preceding case [Eq. (7)]. These curves highlighted the influence of the 
thickness of the core and the criterion of life N 10 on the damage degradation rate.
For a better illustration of the influence of the core thickness over the fatigue 
life of the sandwich specimen, we used the same description as that used 
previously. It is clear that the value of K  increased when the core thickness 
decreased. Therefore, for the same level of loading, the fatigue life increases when 
the core thickness increases, consequently SD 3 had a higher fatigue resistance 
then that of SD 2.
Conclusions. Typical damage accumulation curves in the form of stiffness 
degradation were observed on the sandwich specimens that were subjected to 
fatigue loading tests. As generally agreed by researchers in the literature, three 
phases of fatigue life were derived from the stiffness degradation curves. These 
phases are found to be dependant on the loading level rd as well as the type of core.
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Moreover, this investigation has revealed that sandwich specimen SD 2, having 
the densest core, was more rigid, had the largest static load at rupture and was more 
resistant to fatigue than sandwich SD 1. The effect of core thickness increase, from 
15 to 25 mm, led to an increase of 37% of the static load at failure and improved 
the fatigue resistance resulting in a specimen with a better fatigue strength. 
Moreover, fatigue damage of sandwich specimens was different from that which 
was observed in the case of a static loading. It was found to be dependant on the 
type of foam core and the loading level.
Р е з ю м е
Проведено експериментальні дослідження зміни жорсткості та механізмів по­
шкодження при випробуваннях на втому багатошарових композитних пластин 
із наповнювачем із піновінілопласта. Багатошарові композитні пластини з 
перехресними шарами зі скловолокна та епоксидної смоли, виготовлені мето­
дом вакуумного відливу, піддавали навантаженню триточковим згином. До­
сліджували два варіанта пластин з однотипними наповнювачами з піновініло­
пласта різної щільності. Розглянуто вплив щільності і товщини внутрішнього 
шару наповнювача на поведінку та пошкодження композита. Із використан­
ням двох різних моделей та критерію циклічної довговічності побудовано 
криві втомленості і проведено їх порівняльний аналіз із відомими літератур­
ними даними. Показано, що композит SD 2 з наповнювачем великої щільнос­
ті має більш високі характеристики статичної міцності і стійкості та утомної 
міцності порівняно з композитом SD 1 із наповнювачем меншої щільності.
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